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yeast life span by lowering the
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Calorie restriction (CR) extends life span in a wide vari-
ety of species. Previously, we showed that calorie restric-
tion increases the replicative life span in yeast by acti-
vating Sir2, a highly conserved NAD-dependent deacety-
lase. Here we test whether CR activates Sir2 by
increasing the NAD/NADH ratio or by regulating the
level of nicotinamide, a known inhibitor of Sir2. We
show that CR decreases NADH levels, and that NADH is
a competitive inhibitor of Sir2. A genetic intervention
that specifically decreases NADH levels increases life
span, validating the model that NADH regulates yeast
longevity in response to CR.
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Calorie restriction (CR) extends life span in a wide spec-
trum of organisms and for decades was the only regimen
known to promote longevity in mammals (Weindruch
and Walford 1998; Roth et al. 2001). CR has also been
shown to delay the onset or reduce the incidence of
many age-related diseases including cancer and diabetes
(Weindruch and Walford 1998; Roth et al. 2001). Al-
though it has been suggested that CR may work by re-
ducing the levels of reactive oxygen species through a
slowing in metabolism (Weindruch and Walford 1998),
the mechanism by which CR extends life span is still
uncertain. To study the mechanism by which CR ex-
tends life span, we established a model of CR in the
budding yeast Saccharomyces cerevisiae. In this system,
life span can be extended by limiting glucose content in
the media from 2% to 0.5% or by reducing the activity of
the glucose-sensing cAMP-dependent kinase (PKA; Lin
et al. 2000).
The benefit of CR requires NAD (nicotinamide ad-

enine dinucleotide, oxidized form) and Sir2 (Lin et al.
2000, 2002), a key regulator of life span in both yeast and
animals (Kaeberlein et al. 1999; Tissenbaum and
Guarente 2001). Sir2 is an NAD-dependent histone
deacetylase and is required for chromatin silencing and
life-span extension (Imai et al. 2000; Landry et al. 2000;
Smith et al. 2000). The requirement of NAD for Sir2

deacetylase activity suggested CR may activate Sir2 by
increasing the available pool of NAD for Sir2 (Guarente
2000).
Our previous studies suggested that there was a second

mechanism to activate Sir2 and extend the life span in
yeast—osmotic stress (Kaeberlein et al. 2002). This stress
mechanism was genetically distinguishable from CR.
Mutations knocking out electron transport prevented
CR from extending life span, but had no effect on the
longevity conferred by osmotic stress (Kaeberlein et al.
2002; Lin et al. 2002). This requirement for electron
transport during CR is because of a shunting of carbon
metabolism from fermentation to the mitochondrial
TCA cycle. The concomitant increase in respiration is
necessary and sufficient for the activation of Sir2-medi-
ated silencing and extension in life span (Lin et al. 2002).
The fact that respiration produces NAD from NADH
(Bakker et al. 2001), reinforces the idea that changes in
the NAD/NADH ratio regulate Sir2 during CR.
A recent report, however, challenged this model by

claiming that both stress and CR activated Sir2 by a dif-
ferent mechanism, namely, by decreasing intracellular
levels of nicotinamide (Anderson et al. 2003), a noncom-
petitive inhibitor of Sir2 (Bitterman et al. 2002). This
change in nicotinamide levels was triggered by activa-
tion of the PNC1 gene, encoding a nicotinamidase in the
NAD salvage pathway (Ghislain et al. 2002). This gene
was strongly activated by osmotic stress, but to a lesser
degree by CR. Also consistent with this model, PNC1
was shown to be required for the extension in life span
by CR (Anderson et al. 2003). The authors conclude that
CR reduces nicotinamide levels by up-regulating PNC1,
and this reduction activates Sir2 and extends the life
span.
In this report we attempt to determine whether

changes in nicotinamide, the NAD/NADH ratio, or both
up-regulate Sir2 during CR. We show that NADH is a
competitive inhibitor of Sir2, and that CR reduces the
level of NADH in cells. These findings provide a simple
model for activation of Sir2 and extension of the life span
by CR, which we further support by genetic experi-
ments.

Results and Discussion

To study whether CR activates Sir2 by increasing the
NAD/NADH ratio, we first measured the NAD and
NADH levels in cells grown in 2% and 0.5% glucose
(CR). Surprisingly, the NAD levels in cells under CR
were not changed (Fig. 1A), whereas the NADH levels
were decreased to 50% of non-CR cells (Fig. 1B). To vali-
date the efficacy and sensitivity of our assay, we mea-
sured the NAD levels of the npt1� mutant. It has been
shown that cells lacking the NPT1 gene (encoding nico-
tinic acid phosphoribosyl transferase in the NAD salvage
pathway) exhibit a 40% to 60% decrease in NAD levels
(Smith et al. 2000; Anderson et al. 2002). Consistent
with previous reports (Smith et al. 2000; Anderson et al.
2002), we detected a similar decrease in the NAD levels
in npt1� mutants. As a further test, we measured NAD
and NADH levels in cells that overexpress the transcrip-
tion factor Hap4, which activates nuclear genes encoding
mitochondrial proteins (Forsburg and Guarente 1989; de
Winde and Grivell 1993). This manipulation was shown
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to extend life span in a Sir2-dependent manner (Lin et al.
2002). Similar to CR, Hap4 overexpression causes a
switch of metabolism from fermentation toward respira-
tion (Blom et al. 2000) and, as shown in Figure 1B, trig-
gered a 50% decrease in NADH levels without altering
NAD concentration (Fig. 1A). Because respiration is re-
quired for life-span extension in CR, we tested whether a
functional electron transport chain is required for the
decrease in NADH levels. As shown in Figure 1D, delet-
ing the CYT1 gene, which encodes the cytochrome c1,
abolished the decrease in NADH levels induced by CR.
All these studies suggest that CR increases the intracel-
lular NAD/NADH ratio by up-regulating respiration,
thereby decreasing NADH levels. We also measured
NAD and NADH levels in a sir2� mutant grown in 2%
and 0.5% glucose. The sir2� mutant exhibited the nor-
mal reduction in NADH levels in response to CR (shown
in Fig. 1C,D), indicating that it functions downstream of
the metabolic changes.
Because NADH levels responded to CR but NAD lev-

els did not, it seemed possible that NADH, and not
NAD, regulated Sir2, perhaps by inhibiting its activity.
To test this hypothesis, we measured the activity of Sir2
in the presence of various concentrations of NADH us-
ing purified recombinant GST-tagged Sir2 proteins. Sir2
activity was determined by quantitating the NAD-de-
pendent deacetylation of histone H4 peptides labeled
with [3H]-acetyl coenzyme A (Armstrong et al. 2002). If

NADH is, indeed, a competitive in-
hibitor of Sir2 activity, the presence
of NADH should increase the appar-
ent KM (the Michaelis-Menten bind-
ing constant) of Sir2 for NADwithout
affecting the Vmax (maximum veloc-
ity; Stryer 1995). Kinetic analysis
with a wide range of substrate (NAD)
concentrations is shown as a Line-
weaver-Burk double reciprocal plot
(Fig. 2A). This analysis estimates the
KM (Fig. 2A, X intercept) of Sir2 to be
30 µM, consistent with previous re-
ports (Imai et al. 2000; Tanner et al.
2000). As NADH concentrations were
stepped up, the apparent KM for NAD
was increased, reaching an increase of
threefold at 250 µM NADH. The
Vmax (Fig. 2A, Y intercept) of Sir2 ac-
tivity was not significantly changed
in the presence of NADH. These data
suggest that NADH functions as a
competitive inhibitor of Sir2. As
shown in Figure 2B, NADH also com-
petitively inhibited the human
SIRT1. In the presence of 300 µM
NADH, the KM of SIRT1 increased
threefold.
Intracellular concentrations of total

NAD plus NADH of ∼1 mM have
been reported (de Koning and van
Dam 1992; Richard et al. 1993). We
have calculated values for NAD and
NADH from the data in Figure 1, as-
suming a yeast cell size of 70 µm3

(Sherman 2002). Table 1 shows our

Figure 1. Calorie restriction decreases intracellular NADH levels. Measurements of intra-
cellular levels of NAD (A,C) and NADH (B,D) in various yeast strains grown in 2% or 0.5%
glucose. Results show average of three independent experiments, each conducted in duplicate.
Error bars denote standard deviations. NAD and NADH levels are shown as levels of NAD or
NADH (in micromolar) normalized to the concentrations of proteins from the extracts (in
micrograms) present in the reaction. Reactions contain cell extracts from 105 cells. (WT)
Wild-type yeast strain PSY316; (+Hap4-oe) wild-type cells overexpressing Hap4; (2%) cells
grown in 2% glucose; (0.5%) cells grown in 0.5% glucose. npt1�, cyt1�, and sir2� hmr1� are
isogenic derivatives of PSY316.

Figure 2. NADH inhibits Sir2 NAD-dependent histone deacetylase
activity. (A) Kinetic analysis of the Sir2 NAD-dependent histone
deacetylase activities in the presence of 0 µM (filled squares), 50 µM
(open squares); 100 µM (filled circles), or 250 µM (open circles)
NADH. Here 150 ng of recombinant GST-tagged yeast Sir2 protein
was assayed with various concentrations of NAD and NADH for 2.5
h at 30°C. Data are shown as a Lineweaver-Burk double reciprocal
plot of 1/V (CPM/h) versus 1/[NAD] (µM). The results show the aver-
age of three independent experiments, each measured in duplicate. (B)
Kinetic analysis of the human SIRT1NAD-dependent histone deacety-
lase activities in the presence of 0 µM (filled squares), 50 µM (open
squares), 150 µM (filled circles), or 300 µM (open circles) NADH. Ex-
periments were carried out as in A, except that 50 ng of recombinant
GST-tagged human SIRT1 protein (Takata and Ishikawa 2003) was
used, and the reaction was carried out for 2 h at 37°C.
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values and those of other recent reports. The data are in
reasonable agreement with the previous reports and with
each other, and small differences may be partly due to
different estimates of cell size. The concentration of free
NADH in cells must be less than the values in Table 1,
and appears to be in a sensitive range to regulate Sir2
activity.
We sought genetic data to support the idea that the

increase in the NAD/NADH ratio is what extends life
span in CR. During respiratory growth, both cytosolic
and mitochondrial NADH are reoxidized, in part by the
NADH dehydrogenases in the respiratory chain (Bakker
et al. 2001). To determine whether yeast life span could
be extended by simply activating NADH dehydrogenase,
we overexpressed two related mitochondrial NADH de-
hydrogenases, Nde1 and Nde2 (Luttik et al. 1998). Simi-
larly to CR, overexpressing Nde1 and Nde2 significantly
decreased the NADH levels without changing the NAD
levels (Fig. 3A). Moreover, cells overexpressing Nde1 and
Nde2 exhibited a longer life span on 2% glucose to a
degree similar to cells grown on 0.5% glucose (Fig. 3B).
Furthermore, 0.5% glucose did not extend the life span
of cells overexpressing the NADH dehydrogenases (Fig.
3B), suggesting that CR and the NADH dehydrogenases
function in the same pathway, that is, to decrease
NADH levels and extend the life span.
Our findings appear to challenge the claim that the

Pnc1 nicotinamidase triggers the life-span extension in
CR (Anderson et al. 2003). To address this paradox, we
first repeated life-span analysis of the pnc1� mutants on
2% and 0.5% glucose. Consistent with the previous re-
port, the pnc1� mutation largely prevented the life-span
extension by 0.5% glucose (at best a 10%–15% increase;
Fig. 4A) when compared with wild-type cells (∼30% in-
crease; Fig. 4B). Because the above data indicated that CR
functions by decreasing NADH, we surmised that hyper-
accumulation of nicotinamide in the pnc1� mutants
might mask regulation by NADH. Nnt1, a putative nico-
tinamide methyl transferase, appears to modify nicotin-
amide in yeast (Anderson et al. 2003). Thus, we overex-
pressed Nnt1 to reduce nicotinamide levels in the pnc1�
mutant. Strikingly, overexpressing Nnt1 restored the
ability of CR to extend life span (∼30%) in pnc1� mu-
tants (Fig. 4B). These data show that the reduction in
NADH can activate Sir2 and give a full extension of the
life span in a pnc1� mutant, as long as the excess nico-
tinamide is depleted. This result shows that PNC1

Table 1. Intracellular concentrations of NAD and NADH

Normal condition (mM) Calorie restriction (mM)

ReferencesNAD NADH
NAD/NADH

ratio NAD NADH
NAD/NADH

ratio

2.14a,b — — — — — Smith et al. 2000
1.14a,c — — — — — Ashrafi et al. 2000
2–3 — — 2–3 — — Lin et al. 2001
2a,d 0.78a,d 2.56 — — — Anderson et al. 2002
1.26 ± 0.06e 0.85 ± 0.13 1.48 1.19 ± 0.08 0.39 ± 0.11 3.05 This study

aWe converted reported units into millimolar (per cell) assuming a yeast cell size of 70 fL (70 µm3) and the total protein of 6 pg/cell
(Sherman 2002).
bReported unit was 1.5 × 10−4 pmole/cell.
cReported unit was ∼80 amole/cell.
dReported units were 23.7 amole/pg protein and 9.3 amole/pg protein for NAD and NADH, respectively.
eNumbers show mean ± standard deviations derived from data shown in Fig. 1.

Figure 3. Overexpressing NADH dehydrogenase increases the in-
tracellular NAD/NADH ratio and life span. (A) Measurements of
NADH (closed bars, left panel) and NAD (open bars, right panel)
levels in cells overexpressing Nde1 and Nde2. The results show the
average of four independent experiments, each conducted in dupli-
cate. Error bars denote standard deviations. (B) Life-span analysis of
cells overexpressing Nde1 and Nde2 grown in 2% and 0.5% glucose.
Average life spans on 2% glucose: +vectors, 19.4; +Nde1-oe, +Nde2-
oe: 27.2. Average life spans on 0.5% glucose: +vectors, 25.8; +Nde1-
oe, +Nde2-oe: 27.1. (+ vectors) Cells carrying control vectors ppp35
and ppp81; (+Nde1-oe, +Nde2-oe) cells overexpressing Nde1 and
Nde2.
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and glucose-dependent changes in nicotinamide levels
are not required for the extension of life span by CR.
Our studies show that a switch to oxidative metabo-

lism during CR increases the NAD/NADH ratio by de-
creasing NADH levels. NADH is a competitive inhibitor
of Sir2, implying that a reduction in this dinucleotide
activates Sir2 to extend the life span in CR. Indeed, over-
expression of the NADH dehydrogenase specifically low-
ers NADH levels and extends the life span, providing
strong support for this hypothesis. Regulation of the life
span by NADH is also consistent with the earlier finding
that electron transport is required for longevity during
CR (Lin et al. 2002). The NAD/NADH ratio reflects the
intracellular redox state and is a readout of metabolic
activity. Our findings suggest that this ratio can serve a
critical regulatory function, namely, the determination
of the life span of yeast mother cells. It remains to be
seen whether this ratio will serve related regulatory
functions in higher organisms.

Materials and methods
Yeast strain PSY316MAT� ura3-52 leu2-3, 112 his3-�200 ade2-101 lys2-
801 RDN1�ADE2 has been previously described (Park et al. 1999). Rich

media YPD and synthetic media were made as described (Sherman et al.
1978). The ADH1-driven integrating ppp35 (URA3) vector is a derivative
of the ppp81 (LEU2) vector (Lin et al. 2002) made by Peter Park. Over-
expression constructs of Nde1, Nde2, and Nnt1 were made as described
previously (Lin et al. 2002) using ppp81 (Nde1) or ppp35 (Nde2 and Nnt1).
All constructs made for this study were verified by sequencing. The yeast
Sir2 expression construct pGEX-SIR2 was a gift from J. Tanny and D.
Moazed at Harvard Medical School (Tanny et al. 1999). The human
SIRT1 expression construct pGEX-GST-hSIRT1 was a gift from F. Ishi-
kawa at Tokyo Institute of Technology, Japan (Takata and Ishikawa
2003). All gene deletions in this study were done by replacing the wild-
type genes with the Kanr marker as described in Guldener et al. (1996)
and were verified by polymerase chain reaction (PCR) using oligonucleo-
tides flanking the genes of interest.
Life-span analyses were carried out as previously described (Lin et al.

2000). All life-span analyses in this study were carried out on YPD plates
at least twice independently with >45 cells per strain per experiment.
The results from a single experiment are shown.
Yeast GST-Sir2 and human GST-SIRT1 fusion proteins were made

using the T7 expression system as previously described (Ford and Hern-
andez 1997) with the following modifications: pGEX-SIR2 and pGEX-
GST-hSIRT1 were transformed into the Escherichia coli strains
BL21(DE3) Codon-Plus-RIL (Stratagene) and BL21(DE3), respectively. In
addition, the procedure for yeast GST-Sir2 was scaled up to a 10-L culture
with 5 mL of glutathione-agarose resin. The purified protein was con-
centrated on a Centriprep-30 (Amacon) column.
The deacetylation assay was carried out as described previously (Arm-

strong et al. 2002). In brief, histone deacetylase activity was measured
using a peptide corresponding to the N-terminal tail of the histone H4
(Upstate Biotechnology) labeled with tritiated Acetyl Coenzyme A
(PerkinElmer). Reactions were carried out in 50 µL of buffer containing
50 mM Tris-HCl (pH 8), 4 mM MgCl2, 0.2 mM DTT, and a variable
concentration of NAD and NADH for 2.5 h at 30°C (yeast Sir2) or for 2
h at 37°C (human SIRT1).
Measurement of the NAD and NADH nucleotides was performed as

described previously (Lin et al. 2001) with a few modifications. In brief,
cells were grown to an OD600 of 0.5, then 10

7 cells were harvested in
duplicates by centrifugation in 2 × 1.5-mL tubes. Acid extraction was
performed in one tube to obtain NAD and alkali extraction was per-
formed in the other to obtain NADH, with 2 µL of neutralized cell ex-
tract (∼105 cells) used for enzymatic cycling reaction as previously de-
scribed (Lin et al. 2001). The concentration of nucleotides was measured
fluorometrically with excitation at 365 nm and emission monitored at
460 nm. Standard curves for determining NAD and NADH concentra-
tions were obtained as follows: NAD and NADH were added into the
acid and alkali buffer to a final concentration of 0 µM, 2.5 µM, 5 µM, and
7.5 µM, which were then treated with the same procedure along with
other samples. The fluorometer was calibrated each time before use with
0 µM, 5 µM, 10 µM, 20 µM, 30 µM, and 40 µM NADH to ensure the
detection was within a linear range.
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